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Abstract 
 
Background: Although the prognosis of colorectal carcinoma (CRC) patients 
depends on the histologic grade (HG) and lymph node metastasis (LNM), accurate 
preoperative assessment of these prognostic factors is often difficult. 
Purpose: To assess the HG and extent of LNM by q-space imaging (QSI) for 
preoperative diagnosis of CRC. 
Study Type: Prospective. 
Specimen: A total of 20 colorectal tissue samples containing adenocarcinomas and 
resected lymph nodes (LNs). 
Field Strength/Sequence: QSI was performed with a 3-T MRI system using a 
diffusion-weighted echo-planar imaging sequence: repetition time, 10000 ms; echo 
time, 216 or 210 ms; field of view, 113 × 73.45 mm; matrix, 120 × 78; section 
thickness, 4 mm; and 11 b values ranging from 0 to 9000 s/mm2. 
Assessment: The mean displacement (MDP; µm), zero-displacement probability 
(ZDP; arbitrary unit [a.u.]), kurtosis (K; a.u.), and apparent diffusion coefficient (ADC) 
were analyzed by two observers and compared with histopathologic findings. 
Statistical Tests: The Spearman’s rank correlation coefficient, Mann-Whitney U-test, 
and ROC curve analyses. 
Results: For all 20 carcinomas, the MDP, ZDP, K, and ADC were 8.87 ± 0.37 µm, 
82.0 ± 6.2 a.u., 74.3 ± 3.0 a.u., and 0.219 ± 0.040 x 10-3 mm2/s, respectively. The 
MDP (r = −0.768; P < 0.001), ZDP (r = 0.768; P < 0.001), and K (r = 0.785; P < 
0.001) were significantly correlated with the HG of CRC, but not the ADC (r = 0.088; 
P = 0.712). There were also significant differences in the MDP, ZDP, and K between 
metastatic and non-metastatic LNs (all, P < 0.001), but not the ADC (P = 0.082). In 
the HG of CRC and LNM, the area under the curve was significantly greater for MDP, 
ZDP, and K than for ADC. 
Data Conclusion: QSI provides useful diagnostic information to assess the HG and 
extent of LNM in CRC. 
 
Key Words: colon; rectum; colorectal carcinoma; q-space imaging; diffusion-
weighted imaging; MR imaging 
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Introduction 
 
Colorectal carcinoma (CRC) is a common and often lethal malignant neoplasm that is 
prognosticated based on the histologic grade (HG) and the presence and extent of 
lymph node metastasis (LNM). Careful evaluation of these factors before surgery has 
a decisive influence on the choice of therapy for CRC (1,2).  
CRC staging before surgery is presently based on the findings of computed 
tomography (CT) and endoscopic ultrasound (EUS), even though it is not possible to 
accurately assess the HG and extent of LNM by imaging alone because CT has poor 
soft-tissue contrast and nonspecific size criteria (3,4), and EUS is limited by technical 
inadequacies to detect stenotic tumors, extraordinary operator reliance, interface 
echoes caused by artifacts, and an inadequate sonographic range (5-7). Although 
conventional magnetic resonance imaging (MRI) is an alternative to CT and EUS 
(8,9), this method is insufficient to assess the HG and extent of LNM in CRC (10-19). 
Overall, current diagnostic procedures for the diagnosis of CRC are relatively 
limited. To overcome these limitations, Yamada et al. (20,21) recently reported that 
non-Gaussian q-space imaging (QSI) was suitable for ex vivo assessment of the HG 
and extent of LNM in esophageal and gastric carcinomas. 
Hence, the aim of the present study was to evaluate the usefulness of QSI to 
prospectively assess the HG and extent of LNM of surgical adenocarcinoma tissue 
samples collected from the colon and rectum. 
 
Materials and Methods 
Study Population 
A total of 20 surgical tissue samples of histologically confirmed adenocarcinoma 
surrounded by normal colorectal tissue and lymph nodes (LNs) resected from 20 
consecutive patients (13 men and 7 women; mean age, 67 ± 9 years; age range, 
51−82 years) who were treated at the Department of Colorectal Surgery were 
included for analysis. All tissue samples were included in a previous study of high-
spatial-resolution MRI (22). After fixation in 10% formalin, the tissue samples were 
imaged. In vivo examinations of the colon and rectum were not performed in this 
study. The study protocol was approved by the local institutional review board and all 
study participants provided written informed consent. 
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Imaging Technique 
QSI was performed with a 3-T MRI system (Magnetom Spectra; Siemens, Erlangen, 
Germany) fitted with actively shielded gradients with a maximum power of 33 mT/m. 
All measurements were accumulated using a 4-channel phased-array surface coil 
(Figure 1a). After immersion of the resected colorectal specimen in water and setting 
the container on a surface coil, the QSI orientation was set longitudinally along the 
longest axis of the specimen. The resected LNs were immersed in small flasks of 
water, which were then immersed in the container of water on the surface coil (Figure 
1b).  
 QSI data sets were acquired via a diffusion-weighted echo-planar imaging 
sequence with the following parameters: repetition time/echo time (TR/TE), 
10000/216 or 210 ms; field of view (FOV), 113 × 73.45 mm; matrix, 120 × 78; section 
thickness, 4 mm with no intersection gaps; voxel size, 3.55 mm3; and number of 
averages, 1. The diffusion gradients were applied vertically to the table at a duration 
time (δ) of 79 or 80.8 ms, a separation time (∆) of 101 or 98 ms, effective diffusion 
time (∆eff = ∆ - δ/3) of 74.7 or 71.1 ms, and 11 distinct gradient strengths (g mT/m). 
The resulting 11 b values were 0, 500, 1000, 2000, 3000, 4000, 5000, 6000, 7000, 
8000, and 9000 s/mm2, which corresponded to 11 q values of 0, 133, 189, 267, 327, 
377, 422, 462, 499, 534, and 566 /cm, respectively. T2-weighted images (T2WIs) 
were acquired using a fast spin-echo sequence with the following parameters: TR/TE, 
5000/91 ms; FOV, 87 × 43.5 mm; section thickness, 2 mm with a 1-mm intersection 
gap; matrix, 384 × 192; voxel size, 0.103 mm3; averages, 10; turbo factor, 12; and 
parallel imaging factor, 2. We selected the 2-mm sections with a 1-mm gap and TE of 
91 ms to obtain high-resolution T2WIs with a better signal-to-noise ratio, which were 
used as references to QSI maps. The acquisition time was 2 min 20 s for the QSI 
and 12 min 37 s for the T2WIs. 
 
Image Processing 
Based on the QSI procedure (23,24), the raw QSI data were evaluated using an in-
house interactive data language program (25) with the algorithms described by 
Cohen and Assaf (24). In short, the q-space method was used to correlate the 
attenuation of the signal intensity (SI) of the diffusion measurements to the 
displacement probabilities through the reciprocal spatial vector q (defined as γδg/2π), 
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in accordance with the following equation (20,21): 
,       [1] 
where  is the calculated SI decay as a function of q for a specific diffusion time 
(∆),  is the averaged diffusion propagator (displacement probability), and R 
is the net displacement vector (R = r–r0; r0 is the initial spin position and r is the final 
spin position after the time of ∆). Before Fourier transform, linear interpolation 
between elements was performed, even though the data were not extrapolated. From 
the equation [1], Fourier transform of the SI decay with respect to q was performed to 
acquire the displacement distribution profiles based on the following equation: 
.       [2] 
Further details of the algorithms are reported elsewhere (23,24). 
The three QSI parameters, mean displacement (MDP; µm), zero-displacement 
probability (ZDP; arbitrary units [a.u.]), and kurtosis (K; a.u.), were calculated from 
the displacement distribution profile of each voxel (23-25). Moments were calculated 
from the propagator and applied to estimate the QSI parameters. The MDP value 
was calculated as 0.425-fold of the full width at half maximum of the displacement 
distribution profiles. The ZDP value was calculated as the height of the profiles at 
zero displacement. The K value was calculated as the deviation form the Gaussian 
distribution based on the following equation: 
.       [3] 
Because of the linear interpolation between elements, a greater number of elements 
was used to calculate the K value, as opposed to the actual number of samples, thus 
the K values in the present study were relatively larger. The interpolation in q-space 
led to longer tails of the displacement distribution profiles acquired by Fourier 
transform. Therefore, the extended tails of the displacement distribution profiles likely 
led to added deviation form the Gaussian distribution, which resulted in greater K 
values, as K is a deviation from the Gaussian distribution (26). Then, MDP, ZDP, and 
K maps were generated based on these three parameters on a voxel-by-voxel basis. 
Also, the apparent diffusion coefficient (ADC) was calculated for each voxel based on 
the following equation: 
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ADC = − In(S/S0)/(b−b0),        [4] 
where b0 is 0 s/mm2, b is 500 s/mm2, and S0 and S are the SI at the b0 and b values, 
respectively. ADC maps were also generated on a voxel-by-voxel basis. 
 
Image Analysis 
Two observers (I.Y., N.Y.; with 26 and 23 years of experience in reading MR images, 
respectively), blinded to the histopathologic findings, had independently evaluated 
the MR images of each surgical specimen. Disagreements in any finding were 
resolved via discussion and consensus. For each sample, the CRC contour and SI 
were analyzed, and the depth of tumor penetration was calculated based on the 
deepest point of invasion. The size, SI, and border contour of the resected LNs were 
also calculated using the MR images. The MRI and histopathologic findings were 
compared on a node-by-node basis. The T2WIs were not obtained for the resected 
LNs, and thus the sensitivity and specificity of the T2WIs for detecting LNM were not 
evaluated in this study. 
 For the MDP, ZDP, K, and ADC maps, each region of interest (ROI), which 
was approximately equal to the size of the cross-sectional area of the tumor or LN, 
was drawn on the CRC and resected LNs by a single observer with the T2WIs and 
diffusion-weighted images as references. After placing three or four ROIs over the 
tumor and LNs, ImageJ 1.47 software (https://imagej.nih.gov/) was used to calculate 
the mean values of all ROIs for each tumor and LN to generate quantitative data. 
Finally, the MRI findings of all tissue samples were compared with the corresponding 
histopathologic findings on a slice-by-slice level by visual and spatial matching based 
on anatomic features, which included the blood vessels and contour details. 
 
Histologic Preparation and Examination 
After QSI, each specimen was sectioned along the longitudinal axis to ensure 
correspondence between the MR images and histologic sections. The sections were 
embedded in paraffin, sectioned into 6-µm-thick slices with a microtome, and then 
stained with hematoxylin-eosin, elastica-van Gieson, and periodic acid-Schiff. A 
single experienced pathologist, blinded to the MRI results, evaluated all tissue 
samples to determine the extent of tumor invasion into the colorectal wall. Afterward, 
the HG was classified as well-differentiated (WD), moderately differentiated (MD), or 
poorly differentiated (PD), based on the American Joint Committee on Cancer 
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guidelines (1,2), and the extent of LNM was determined. The pathologist examined 
all the sections through the LNs and individually evaluated all resected LNs for the 
presence of tumor, where LNs that had tumor cells were considered positive for LNM 
and isolated tumor cells (cell deposits less than or equal to 0.2 mm) were also 
considered positive. 
 
Statistical Analysis 
The mean ± standard deviation (SD) of the MDP, ZDP, K, and ADC values of the 
tumors and LNs were calculated from the corresponding maps. All analyses were 
conducted using IBM SPSS Statistics, version 20.0 (IBM SPSS Japan, Tokyo, 
Japan). The Spearman’s rank correlation coefficient was used to identify correlations 
between the HG and QSI parameters. The Mann-Whitney U-test was used to 
compare the QSI parameters of the metastatic and non-metastatic LNs. 
 Receiver operating characteristic (ROC) curve analyses using the area under 
the curve (AUC) were conducted to evaluate and compare the MDP, ZDP, K, and 
ADC values in terms of usefulness to discriminate the HG of CRC and to discern 
metastatic from non-metastatic LNs. The optimal threshold of each parameter was 
determined as the value with the highest average of sensitivity and specificity. A 
probability (P) value of < 0.05 was considered statistically significant. 
 
Results 
MDP, ZDP, K, and ADC Values of CRC 
Histopathologic assessment of the 20 CRC tissue samples revealed that invasion 
into the colorectal wall was the submucosa in three cases (stage T1), the muscularis 
propria in three cases (stage T2), the subserosa in 10 cases (stage T3), and the 
serosa in four cases (stage T4).  
For all 20 CRCs, the mean MDP, ZDP, K, and ADC values were 8.87 ± 0.37 
µm, 82.0 ± 6.2 a.u., 74.3 ± 3.0 a.u., and 0.219 ± 0.040 × 10−3 mm2/s, respectively. 
The K value is a measure of the degree of deviation from a Gaussian distribution, 
where a K value of 3 indicates a perfect Gaussian diffusion (23-26). Hence, the 
greater the K value, the greater deviation from a perfect Gaussian diffusion. 
Meanwhile, the ADC value is calculated based on the notion that water diffusion 
follows a Gaussian behavior. 
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HG of CRC based on QSI Maps 
The association between the HG of the CRC and the non-Gaussian QSI parameters 
was investigated. Histopathologic examination of the 20 CRC tissue samples 
revealed that six were WD, 13 were MD, and one was PD. As shown in Table 1 and 
Figure 2, comparisons of the QSI parameters with the HGs of the 20 CRCs revealed 
significant correlations between the MDP, ZDP, and K values and the HGs of the 
CRCs (r = −0.768, P < 0.001; r = 0.768, P < 0.001; and r = 0.785, P < 0.001, 
respectively). However, no significant correlation was found between the ADC values 
and the HGs of the CRCs (r = 0.088, P = 0.712). 
A representative case with MD CRC is shown in Figure 3. These findings 
clarified that it is possible to discriminate the HG of CRC on the basis of non-
Gaussian QSI parameters (Figure 4). 
 
Extent of LNM based on QSI Maps 
LNM was identified in 8 (40%) of 20 cases and each histologically confirmed LN (8 
metastatic and 12 non-metastatic) was compared with the QSI parameters on a 
node-by-node basis. We used only the largest LN among the resected LNs for each 
subject to avoid repeated-measurement (clustering) bias. As shown in Table 2 and 
Figure 5, the MDP values of the metastatic LNs were significantly less than those of 
the non-metastatic LNs, while the ZDP and K values were significantly greater (all, P 
< 0.001). However, there were no significant differences between the ADC values of 
the metastatic and non-metastatic LNs (P = 0.082). 
A representative case with metastatic LNs is shown in Figures 6. These 
findings indicated that it is possible to discriminate between metastatic and non-
metastatic LNs in CRC on the basis of non-Gaussian QSI parameters (Figure 7). 
 
ROC Curve Analyses of the MDP, ZDP, K, and ADC Values 
As shown in Table 3 and Figure 8a, to differentiate MD or PD from WD CRC, the 
AUCs for the MDP, ZDP, and K values (0.952, P = 0.0104; 0.952, P = 0.0060; and 
0.964, P = 0.0057, respectively) were significantly greater than for the ADC values 
(0.583), while there were no significant differences among the MDP, ZDP, and K 
values (P = 0.7014−1.0000). So, MDP, ZDP, and K cutoff values of ≤ 8.797 µm, > 
82.652 a.u., and > 73.006 a.u. seemed to be useful to differentiate MD or PD from 
WD CRC. 
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 As shown in Table 4 and Figure 8b, to differentiate between metastatic and 
non-metastatic LNs in CRC, the AUCs for the MDP, ZDP, and K values (0.990, P = 
0.0217; 0.969, P = 0.0192; and 0.990, P = 0.0217, respectively) were significantly 
greater than for the ADC values (0.740), while there were no significant differences 
among the MDP, ZDP, and K values (P = 0.4028−1.0000). So, MDP, ZDP, and K 
cutoff values of ≤ 14.768 µm, > 29.349 a.u., and > 29.503 a.u. seemed to be useful to 
differentiate metastatic from non-metastatic LNs in CRC. 
 
Discussion 
 
Assaf et al. (23) first described QSI as a non-Gaussian diffusion-weighted imaging 
(DWI) method for evaluation of the spinal cord and to quantify the deviation of tissue 
diffusion from Gaussian behavior in tissues with restricted water diffusion. As 
compared with conventional DWI, QSI more accurately reflects the microstructural 
complexity of tissues (23,27,28). More recently, Yamada et al. (20,21) reported that 
QSI was useful for ex vivo evaluation of the HG and extent of LNM in esophageal 
and gastric carcinomas. Therefore, we postulated that QSI is more efficient than 
conventional DWI for evaluation of the HG and extent of LNM in CRC. 
 In the present study, the mean MDP, ZDP, K, and ADC values were derived 
from the QSI data of all the CRC cases. Previous studies (23-26) have reported that 
the MDP value quantitatively reflects the architecture size of tissues and is 
decreased in tissues that have more restricted diffusivity. The ZDP value reflects the 
fraction of water molecules that diffuse a short distance or not at all and is increased 
in tissues with more restricted diffusivity. The K value reflects the degree of deviation 
from the Gaussian distribution in water diffusion. Since a K value of 3 indicates a 
perfect Gaussian diffusion (23-26), the greater the K value, the greater deviation from 
a perfect Gaussian diffusion. These findings confirmed the substantial contribution of 
the effect of non-Gaussian diffusion to the QSI parameters of CRC. These 
propensities were in accordance with the results of prior studies of other organs 
(20,21). 
 The results of the present study revealed significant associations between the 
QSI parameters and HG of CRC. Other studies have reported associations between 
diffusional kurtosis acquired by diffusion kurtosis imaging (DKI) of cerebral gliomas 
and prostate cancers and the HG of the tumors (29,30), suggesting that diffusional 
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kurtosis calculated by DKI increases with tumor aggressiveness because of the 
greater microstructural complexity of high-grade tumors (30). Since QSI is very 
sensitive to changes in tissue microstructure (23,27,28), QSI may be an efficient 
method to noninvasively evaluate the HG of CRC. Prior studies have reported that it 
is often problematic to discriminate between the HGs of tumor based only on ADC 
values because of the sizable overlap between the ADC values of different HGs of 
tumor (31-33). Thus, QSI may be a more accurate method than conventional DWI to 
discern the HG of CRC. 
 In the present study, ROC curve analyses to discriminate the HG of CRC 
confirmed that the AUCs for the MDP, ZDP, and K values were significantly greater 
than for the ADC values. Moreover, the MDP, ZDP, and K cutoff values were useful 
to discriminate MD or PD from WD CRC, as compared with conventional ADC values. 
 QSI was also useful to discriminate between metastatic and non-metastatic 
LNs in CRC. Prior studies have reported that the assessment of LNs in CRC by any 
imaging modality is difficult because LN size alone is not a consistent diagnostic 
criterion of metastatic involvement (9,34). Other studies have demonstrated that 
although ADC values may be valuable to identify metastatic LNs, it is often 
problematic to discriminate between metastatic and non-metastatic LNs on the basis 
of ADC values alone because of the considerable overlap between the ADC values 
of metastatic and non-metastatic LNs (35-38). Based on the ability to predict 
microstructural complexity, QSI may be a useful tool for noninvasive evaluation of the 
extent of LNM in CRC. 
ROC curve analyses to discriminate between metastatic and non-metastatic 
LNs in CRC demonstrated that the AUCs of the MDP, ZDP, and K values were 
significantly greater than the AUC of ADC values. Furthermore, the MDP, ZDP, and 
K cutoff values were useful to discriminate metastatic from non-metastatic LNs in 
CRC, as compared with the ADC values. 
Conventional MRI has reportedly been used to stage CRC before surgery 
using multichannel phased-array coils, parallel imaging methods, and more powerful 
gradient systems (10-15). Moreover, endoluminal MRI with endoluminal coils has 
been used for staging of rectal carcinomas (16-19). Hence, these novel techniques 
will allow the performance of QSI for preoperative evaluation of CRC. 
 There were several limitations to this study that should be addressed. First, 
this was an ex vivo study of tissue samples that were imaged after fixation in formalin. 
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Nevertheless, prior studies of other organs revealed that even though the ADC 
values of fixed tissues were relatively low, the differences in ADC values among 
various tissue types in vivo were maintained in the fixed tissues. Thus, these 
differences in relative ADC values between fixed and in vivo tissues were not 
statistically significant (39,40). Hence, the data acquired in the present study can be 
applied to QSI of tissues in vivo as well as formalin-fixed. 
 As a second limitation, the QSI protocol required a slightly longer period of 
time to complete (2 min 20 s), which may prohibit use in clinical practice. Therefore, 
the imaging time must be decreased for application of in vivo QSI. The direct clinical 
application of QSI for evaluation of CRC may be technically problematic because of 
motion effects (peristalsis, respiratory movements, and patient motion) and the deep 
abdominal location of the colon and rectum. Adjustments to the pulse sequences, 
improvement to the duration of the MRI technique, and application of greater field 
strengths may be needed to improve the technical feasibility of this technique in 
clinical settings. 
 A third limitation was the relatively limited number of tissue samples for 
examination which questions reproducibility. To address this limitation, we plan to 
collect colorectal further QSI data with an ultimate goal of routine application of QSI 
as a quantitative tool for accurate evaluation of CRC before surgery to select an 
optimal therapy. 
 In conclusion, the ex vivo QSI-derived MDP, ZDP, and K values showed 
significant correlations with the HG of CRC and revealed significant differences 
between metastatic and non-metastatic LNs in CRC. Therefore, the results of this 
study demonstrated that QSI ex vivo provides useful diagnostic information to 
evaluate the HG and extent of LNM in CRC. 
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TABLE 1. MDP, ZDP, K, and ADC Values of the Different Histologic Grades of 
the Colorectal Carcinomas 
___________________________________________________________________ 
Histologic MDP ZDP K ADC 
Grades (µm) (a.u.) (a.u.) (x 10-3 mm2/sec) 
___________________________________________________________________ 
WD  9.25 ± 0.28*  75.2 ± 4.6*  70.9 ± 1.8* 0.214 ± 0.035 
 (n = 6) 
MD 8.75 ± 0.19 84.3 ± 3.7 75.4 ± 1.7 0.222 ± 0.045 
 (n = 13) 
PD 8.07 92.8 80.3 0.209 
 (n = 1) 
___________________________________________________________________ 
 Note: WD = Well-differentiated, MD = Moderately differentiated, PD = Poorly 
differentiated. a.u. = arbitrary units. * = Significantly different for the different 
histologic grades of the colorectal carcinomas (P < 0.001). 
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TABLE 2. MDP, ZDP, K, and ADC Values of the Metastatic and Non-metastatic 
Lymph Nodes of the Colorectal Carcinomas 
___________________________________________________________________ 
 MDP ZDP K ADC 
Lymph Nodes (µm) (a.u.) (a.u.) (x 10-3 mm2/sec) 
___________________________________________________________________ 
Non-metastatic  18.6 ± 2.3*  27.3 ± 4.5*  26.8 ± 5.5* 0.274 ± 0.035 
 (n = 12) 
Metastatic 10.9 ± 1.9 51.9 ± 13.1 58.7 ± 10.5 0.243 ± 0.041 
 (n = 8) 
___________________________________________________________________ 
 Note.-- a.u. = arbitrary units. * = Significantly different between the metastatic 
and non-metastatic lymph nodes of the colorectal carcinomas (P < 0.001). 
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TABLE 3. ROC Curve Analyses of MDP, ZDP, K, and ADC Values for 
Differentiating MD or PD from WD Colorectal Carcinomas 
___________________________________________________________________ 
  Optimal Sensitivity Specificity 
Parameter AUC Threshold (%) (%) P Value 
___________________________________________________________________ 
MDP 0.952  ≤ 8.797 85.7 (12/14) 100.0 (6/6) 0.0104 
  (µm) 
ZDP 0.952 > 82.652 78.6 (11/14) 100.0 (6/6) 0.0060 
  (a.u.) 
K 0.964 > 73.006 92.9 (13/14) 100.0 (6/6) 0.0057 
  (a.u.) 
ADC 0.583 > 0.252 28.6 (4/14) 100.0 (6/6) NA 
  (× 10−3 mm2/s) 
___________________________________________________________________ 
 Note: Optimal threshold of each parameter was determined to maximize 
average of sensitivity and specificity. Data in parentheses are numbers used to 
calculate percentages. P value represents differences in comparison with 
performance of ADC. WD = Well-differentiated, MD = Moderately differentiated, PD = 
Poorly differentiated. AUC = area under the curve. a.u. = arbitrary units. NA = not 
available. 
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TABLE 4. ROC Curve Analyses of MDP, ZDP, K, and ADC Values for 
Differentiating Metastatic from Non-metastatic Lymph Nodes in Colorectal 
Carcinoma 
___________________________________________________________________ 
  Optimal Sensitivity Specificity 
Parameter AUC Threshold (%) (%) P Value 
___________________________________________________________________ 
MDP 0.990  ≤ 14.768 100.0 (8/8) 91.7 (11/12) 0.0217 
  (µm) 
ZDP 0.969 > 29.349 100.0 (8/8) 91.7 (11/12) 0.0192 
  (a.u.) 
K 0.990 > 29.503 100.0 (8/8) 91.7 (11/12) 0.0217 
  (a.u.) 
ADC 0.740 ≤ 0.282 100.0 (8/8) 50.0 (6/12) NA 
  (× 10−3 mm2/s) 
___________________________________________________________________ 
 Note: Optimal threshold of each parameter was determined to maximize 
average of sensitivity and specificity. Data in parentheses are numbers used to 
calculate percentages. P value represents differences in comparison with 
performance of ADC. AUC = area under the curve. a.u. = arbitrary units. NA = not 
available. 
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CAPTIONS FOR ILLUSTRATIONS 
 
FIGURE 1: The surface coil, container, and small flasks used for imaging CRC. 
a: The four-channel phased-array surface coil used for imaging the colorectal 
specimen and resected LNs. 
b: The container and small flasks used for imaging the resected LNs. 
 
FIGURE 2: Box plots of the QSI parameters in the different HGs of CRCs. 
a: Comparison of the MDP values in the different HGs of CRCs showing a significant 
inverse correlation (r = −0.768; P < 0.001). 
b: Comparison of the ZDP values in the different HGs of CRCs showing a significant 
positive correlation (r = 0.768; P < 0.001). (a.u. = arbitrary units.) 
c: Comparison of the K values in the different HGs of CRCs also showing a 
significant positive correlation (r = 0.785; P < 0.001). (a.u. = arbitrary units.) 
d: Comparison of the ADC values in the different HGs of CRCs showing no 
significant correlation (r = 0.088; P = 0.712). 
 
FIGURE 3: Images of a case with MD CRC invading the serosa (stage T4). 
a: T2WI shows a hyperintense, irregular-shaped mass lesion (arrows) in the rectum. 
b: MDP map shows that the mass lesion (arrows) is slightly hypointense (MDP = 
8.74 µm). 
c: ZDP map shows that mass lesion (arrows) is slightly hyperintense (ZDP = 84.8 
a.u.). 
d: K map shows that mass lesion (arrows) is slightly hyperintense (K = 75.4 a.u.). 
 
FIGURE 4: Histopathologic sections of the CRCs. 
a: Histopathologic section of a WD CRC. (Hematoxylin-eosin stain; original 
magnification, x200.) 
b: Histopathologic section of an MD CRC. (Hematoxylin-eosin stain; original 
magnification, x200.) 
c: Histopathologic section of a PD CRC. (Hematoxylin-eosin stain; original 
magnification, x200.) 
 
FIGURE 5: Box plots of the QSI parameters in metastatic and non-metastatic LNs in 
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CRC. 
a: The MDP values of the metastatic LNs were significantly less than those of the 
non-metastatic LNs (P < 0.001). 
b: The ZDP values of the metastatic LNs were significantly greater than those of the 
non-metastatic LNs (P < 0.001). (a.u. = arbitrary units.) 
c: The K values of the metastatic LNs were also significantly greater than those of 
the non-metastatic LNs (P < 0.001). (a.u. = arbitrary units.) 
d: There were no significant differences between the ADC values of the metastatic 
and non-metastatic LNs (P = 0.082). 
 
FIGURE 6: Images of a case with metastatic LNs in CRC. 
a: DWI (b = 2000 s/mm2) shows hyperintense, swollen LNs (arrow) in CRC. 
b: MDP map shows the LNs (arrow) are slightly hypointense (MDP = 10.4 µm). 
c: ZDP map shows that the LNs (arrow) are slightly hyperintense (ZDP = 52.7 a.u.). 
d: K map shows that the LNs (arrow) are slightly hyperintense (K = 60.0 a.u.). 
 
FIGURE 7: Histopathologic sections of non-metastatic and metastatic LNs in CRC. 
a: Histopathologic section of a non-metastatic LN. (Hematoxylin-eosin stain; original 
magnification, x40.) 
b: Histopathologic section of a metastatic LN. (Hematoxylin-eosin stain; original 
magnification, x40.) 
 
FIGURE 8: ROC curve analyses of the QSI parameters in CRC. 
a: ROC curves for differentiating MD or PD from WD CRC. The AUCs for the MDP, 
ZDP, and K values (0.952, P = 0.0104; 0.952, P = 0.0060; and 0.964, P = 0.0057, 
respectively) were significantly greater than for the ADC values (0.583). There were 
no significant differences among the MDP, ZDP, and K values (P = 0.7014−1.0000). 
b: ROC curves for differentiating metastatic from non-metastatic LNs in CRC. The 
AUCs for the MDP, ZDP, and K values (0.990, P = 0.0217; 0.969, P = 0.0192; and 
0.990, P = 0.0217, respectively) were significantly greater than for the ADC values 
(0.740). There were no significant differences among the MDP, ZDP, and K values (P 
= 0.4028−1.0000). 
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FIGURE 1: The surface coil, container, and small flasks used for imaging CRC. 
a: The four-channel phased-array surface coil used for imaging the colorectal 
specimen and resected LNs. 
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FIGURE 1: The surface coil, container, and small flasks used for imaging CRC. 
b: The container and small flasks used for imaging the resected LNs. 
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FIGURE 2: Box plots of the QSI parameters in the different HGs of CRCs. 
a: Comparison of the MDP values in the different HGs of CRCs showing a significant 
inverse correlation (r = −0.768; P < 0.001). 
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FIGURE 2: Box plots of the QSI parameters in the different HGs of CRCs. 
b: Comparison of the ZDP values in the different HGs of CRCs showing a significant 
positive correlation (r = 0.768; P < 0.001). (a.u. = arbitrary units.) 
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FIGURE 2: Box plots of the QSI parameters in the different HGs of CRCs. 
c: Comparison of the K values in the different HGs of CRCs also showing a 
significant positive correlation (r = 0.785; P < 0.001). (a.u. = arbitrary units.) 
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FIGURE 2: Box plots of the QSI parameters in the different HGs of CRCs. 
d: Comparison of the ADC values in the different HGs of CRCs showing no 
significant correlation (r = 0.088; P = 0.712). 
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FIGURE 3: Images of a case with MD CRC invading the serosa (stage T4). 
a: T2WI shows a hyperintense, irregular-shaped mass lesion (arrows) in the rectum. 
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FIGURE 3: Images of a case with MD CRC invading the serosa (stage T4). 
b: MDP map shows that the mass lesion (arrows) is slightly hypointense (MDP = 
8.74 µm). 
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FIGURE 3: Images of a case with MD CRC invading the serosa (stage T4). 
c: ZDP map shows that mass lesion (arrows) is slightly hyperintense (ZDP = 84.8 
a.u.). 
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FIGURE 3: Images of a case with MD CRC invading the serosa (stage T4). 
d: K map shows that mass lesion (arrows) is slightly hyperintense (K = 75.4 a.u.). 
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FIGURE 4: Histopathologic sections of the CRCs. 
a: Histopathologic section of a WD CRC. (Hematoxylin-eosin stain; original 
magnification, x200.) 
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FIGURE 4: Histopathologic sections of the CRCs. 
b: Histopathologic section of an MD CRC. (Hematoxylin-eosin stain; original 
magnification, x200.) 
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FIGURE 4: Histopathologic sections of the CRCs. 
c: Histopathologic section of a PD CRC. (Hematoxylin-eosin stain; original 
magnification, x200.) 
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FIGURE 5: Box plots of the QSI parameters in metastatic and non-metastatic LNs in 
CRC. 
a: The MDP values of the metastatic LNs were significantly less than those of the 
non-metastatic LNs (P < 0.001). 
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FIGURE 5: Box plots of the QSI parameters in metastatic and non-metastatic LNs in 
CRC. 
b: The ZDP values of the metastatic LNs were significantly greater than those of the 
non-metastatic LNs (P < 0.001). (a.u. = arbitrary units.) 
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FIGURE 5: Box plots of the QSI parameters in metastatic and non-metastatic LNs in 
CRC. 
c: The K values of the metastatic LNs were also significantly greater than those of 
the non-metastatic LNs (P < 0.001). (a.u. = arbitrary units.) 
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FIGURE 5: Box plots of the QSI parameters in metastatic and non-metastatic LNs in 
CRC. 
d: There were no significant differences between the ADC values of the metastatic 
and non-metastatic LNs (P = 0.082). 
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FIGURE 6: Images of a case with metastatic LNs in CRC. 
a: DWI (b = 2000 s/mm2) shows hyperintense, swollen LNs (arrow) in CRC. 
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FIGURE 6: Images of a case with metastatic LNs in CRC. 
b: MDP map shows the LNs (arrow) are slightly hypointense (MDP = 10.4 µm). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 42 
 
 
FIGURE 6: Images of a case with metastatic LNs in CRC. 
c: ZDP map shows that the LNs (arrow) are slightly hyperintense (ZDP = 52.7 a.u.). 
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FIGURE 6: Images of a case with metastatic LNs in CRC. 
d: K map shows that the LNs (arrow) are slightly hyperintense (K = 60.0 a.u.). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 44 
 
 
FIGURE 7: Histopathologic sections of non-metastatic and metastatic LNs in CRC. 
a: Histopathologic section of a non-metastatic LN. (Hematoxylin-eosin stain; original 
magnification, x40.) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 45 
 
 
FIGURE 7: Histopathologic sections of non-metastatic and metastatic LNs in CRC. 
b: Histopathologic section of a metastatic LN. (Hematoxylin-eosin stain; original 
magnification, x40.) 
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FIGURE 8: ROC curve analyses of the QSI parameters in CRC. 
a: ROC curves for differentiating MD or PD from WD CRC. The AUCs for the MDP, 
ZDP, and K values (0.952, P = 0.0104; 0.952, P = 0.0060; and 0.964, P = 0.0057, 
respectively) were significantly greater than for the ADC values (0.583). There were 
no significant differences among the MDP, ZDP, and K values (P = 0.7014−1.0000). 
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FIGURE 8: ROC curve analyses of the QSI parameters in CRC. 
b: ROC curves for differentiating metastatic from non-metastatic LNs in CRC. The 
AUCs for the MDP, ZDP, and K values (0.990, P = 0.0217; 0.969, P = 0.0192; and 
0.990, P = 0.0217, respectively) were significantly greater than for the ADC values 
(0.740). There were no significant differences among the MDP, ZDP, and K values (P 
= 0.4028−1.0000). 
 
 
 
